We report efficient two-photon and UV-laser flash photolysis of dimethoxynitrophenyl-EGTA-4 (DMNPE-4), a newly-developed photolabile Ca 2+ -specific chelator. This compound exhibits good two-photon absorption at 705 nm, has a low Mg 2+ affinity (≈7 mM), a K d for Ca 2+ of 19 nM, a quantum yield of 0.20 and changes its Ca 2+ affinity by 21 000-fold upon photolysis. Two-photon excitation photolysis (TPP) experiments were performed with a Ti:Sapphire laser in solutions containing DMNPE-4 with either 0 or 10 mM Mg 2+ and compared to that of the widely used Ca 2+ cage, DMnitrophen (K d for Ca 2+ 5 nM, K d for Mg 2+ 2.5 µM, quantum yield 0.18, affinity change 600 000-fold). The resulting Ca 2+ signals were recorded with the fluorescent Ca 2+ indicator fluo-3 and a laser-scanning confocal microscope in the linescan mode. In vitro, photolysis of DMNPE-4:Ca 2+ produced Ca 2+ -release signals that had comparable amplitudes and time courses in the presence and absence of Mg 2+ . However, photorelease of Ca 2+ from DM-nitrophen was obviated by the presence of Mg 2+ . In patch-clamped isolated cardiac myocytes, equivalent TPP results were obtained in analogous experiments. Single-photon excitation of DMNPE-4 by Nd:YAG laser flashes produced Na-Ca exchange currents of comparable amplitude in the absence and presence of Mg 2+ . However, only very small currents were observed in DMnitrophen solution containing 10 mM Mg 2+ . In conclusion, both DMNPE-4 and DM-nitrophen undergo TPP, however, only DMNPE-4 exhibits efficient release of Ca 2+ in the presence of Mg 2+ .
INTRODUCTION
Light-sensitive caged compounds allow rapid concentration jumps of biologically-active constituents inside and outside cells by UV-light flash photolysis [1] . A range of caged compounds has been developed and used to probe the kinetics of various biological signaling systems. Combined with spatially confined two-photon excitation photolysis (TPP) of the caged compound, the technique can also be used to deliver biologically-active constituents in a spatially-controlled manner (this is with diffraction-limited precision), and then detect the biological response with a confocal laser-scanning microscope. So far this combination of techniques has been applied to map the distribution of receptors on cell surfaces [2] and to generate spatially-confined artificial Ca 2+ sparks inside cardiac myocytes [3] .
When using available caged compounds for the liberation of Ca 2+ two problems have surfaced: first, the absorbance spectrum for two-photon absorption is not simply the single-photon absorbance spectrum with the wavelength divided by two [4] ; and second, the two-photon absorption cross-section of fluorescent indicators and caged compounds is generally much smaller than for single-photon excitation. These features result in inefficient excitation of available caged Ca 2+ compounds at 690 nm, the shortest available wavelength of the Ti:Sapphire lasers most frequently used for two-photon excitation. This means that, for example, caged indicators that work well with UV-laser flash photolysis at 355 nm show very little photolysis with TPP at 710 nm. So far, DM-nitrophen [5, 6] has turned out to be the most suitable photolabile Ca 2+ chelator for TPP, although its significant affinity for Mg 2+ (K d = 2.5 µM) limits its usefulness when investigating signaling systems that may be Mg 2+ sensitive or that require Mg 2+ -ATP.
Research
Two-photon and UV-laser flash photolysis of the Ca 2+ cage, dimethoxynitrophenyl-EGTA-4
Ideally, a caged compound for TPP Ca 2+ liberation should have the following characteristics: (1) the twophoton absorbance cross-section of the compound (at around 700 nm) should be equal or larger than that of DM-nitrophen; (2) In this paper we report on the properties of DMNPE-4, a newly developed caged Ca 2+ compound that was designed for two-photon excitation photolysis [8] . The compound was compared with DM-nitrophen, in droplets of pipette filling solution and in cardiac myocytes, in the absence and presence of Mg
2+
. The results show that DMNPE-4 meets the criteria listed above. Preliminary results were reported to the Biophysical Society in abstract form [9, 10] .
MATERIALS AND METHODS

Structure and properties of DMNPE-4
DMNPE-4 (dimethoxynitrophenyl-EGTA-4) is a new caged Ca
2+
, which combines the photophysical properties of DM-nitrophen with the cation selectivity of nitrophenyl-EGTA [11] . The chemical structure of DMNPE-4 and the reaction scheme are shown in Figure 1 . Before photolysis DMNPE-4 has a high affinity for Ca 2+ (K d = 48 nM at pH 7.2, 19 nM at 7.4). Near-UV (300-400 nm) illumination cuts the Ca 2+ coordination sphere in two producing 'hemi-chelators' of known low affinity for Ca 2+ (K d in the order of 1 mM), thus, most of the bound Ca 2+ is rapidly released. Like nitrophenyl-EGTA, the Mg 2+ affinity of DMNPE-4 is very low (K d ≈ 7 mM). The quantum yield for photolysis is about 0.2, and the extinction coefficient of the cage is 5140 M -1 cm -1 at 347 nm.
Cell isolation
Cardiac ventricular myocytes were prepared from guinea-pig hearts using enzymatic treatment as described previously [12] . Briefly, adult guinea-pigs were killed by cervical dislocation, the hearts rapidly removed and mounted on a Langendorff perfusion system. Nominally Ca
2+
-free solution (no calcium added) was passed retrogradely through the aorta for 5 min at 37°C. Perfusion continued with 0.2 mg/ml collagenase B (Boehringer Mannheim, Rotkreuz, Switzerland) and 0.04 mg/ml protease type XIV (Sigma, Buchs, Switzerland) for another 4-6 min. Subsequently, the ventricles were minced and placed in 200 µM Ca 2+ solution on a rocking table to allow for dissociation into single cells. Ventricular myocytes were transferred from the supernatant into the experimental chamber mounted on the stage of an inverted microscope (Diaphot TMD, Nikon, Küsnacht, Switzerland) and superfused with external solution containing (in mM: NaCl 140, KCl 5, MgCl 2 1, CaCl 2 1, HEPES 10, glucose 10; pH 7.4 (NaOH)).
Electrophysiological recordings
Recording pipettes were pulled from borosilicate glass capillaries (GC150F-15, Clark Electromedical Instruments, Pangbourne, England) and backfilled with internal solution yielding typical pipette resistances of 2-3 MΩ. After formation of a gigaohm-seal, the whole-cell configuration was established to allow diffusion of caged compounds and fluo-3 into the cell. Cells were voltageclamped and held at -70 mV using a patch-clamp amplifier (Axopatch 200, Axon Instruments, Foster City, CA, USA). Currents were digitized at 1000 Hz using the LabView acquisition software package (National Instruments, Ennetbaden, Switzerland) running on a Macintosh computer. Data were stored on hard disk for off-line analysis with the Igor Pro software (WaveMetrics, Lake Oswego, OR, USA). All experiments were carried out at room temperature (22°C). Fluo-3 was purchased from Teflabs (Austin, TX, USA), DM-nitrophen from Calbiochem (La Jolla, CA, USA). DMNPE-4 was synthesized as described [8] . 
Solutions
DM-nitrophen
DMNPE-4
Internal solution contained (in mM: CsAsp 120, TEA-Cl 20, HEPES 20, K 2 -ATP 4, NaCl 4, DMNPE-4 1, CaCl 2 0.5, fluo-3 (pentapotassium salt) 0.1, reduced glutathione 1; pH 7.4 (CsOH)). To prepare solutions with 1 mM and 10 mM free Mg 2+ 4.5 mM and 14 mM MgCl 2 were added, respectively.
Confocal Ca 2+ measurements
Droplets of internal solution were placed directly on a coverslip or in troughs of a home-made polyacrylate plate sealed onto a coverslip. Droplets and cells were viewed with a 40x oil-immersion objective (Fluor, N.A. = 1.3, Nikon). Fluo-3 was excited with the 488 nm line of an Argon-ion laser (model 5000, Ion Laser Technology, Salt Lake City, UT, USA) at 50 µW intensity. The fluorescence was detected at 540 ± 15 nm with a photomultiplier tube (PMT) of a confocal laser-scanning microscope (MRC 1000, Bio-Rad, Glattbrugg, Switzerland) operated in the line-scan mode at 500 Hz (Fig. 2) . Amplitude and time course of calcium concentration were computed offline from line-scan images using a customized version of the NIH Image software (NIH, Bethesda, MA, USA) for image processing and the Igor Pro software for data analysis. Surface plots were generated with the IDL software (Research Systems, Boulder, CO, USA). After background subtraction the fluorescence ratio (R = F/F 0 ) was computed dividing the image by the average resting fluorescence of the same image. Subsequently, a rectangular region of interest was chosen to extract pixel intensities and time course. Pixel intensities were converted to Ca complex. In our calculations we used a K d of 400 nM for measurements in droplets and 500 nM for cytosolic measurements. The resting cytosolic calcium concentration ([Ca 2+ ] rest ) was assumed to be 100 nM in a ventricular myocyte. In droplets [Ca 2+ ] rest was determined using the equation:
where F max was measured after addition of saturating Ca 2+ (1 mM). The calibration procedure was described in detail in [13] . 
Two-photon excitation photolysis
The beam of a mode-locked Ti:Sapphire laser (Mira 900, Coherent, Santa Clara, CA, USA) tuned to 700 nm, with 120 fs pulse length at 80 MHz repetition rate was guided through the camera port of the microscope. The reflection of the stationary diffraction-limited spot on the coverslip was monitored with a second PMT (emission > 600 nm) of the confocal microscope (Fig. 2) . Subsequently, the objective was moved vertically (z-dimension) to bring the two-photon focus well within a droplet of internal solution (typically 10 µm above the coverslip) or within a myocyte before establishing a gigaohm-seal. Photolytical Ca 2+ steps were triggered using the line-clock output of the scan-card (Bio-Rad) to drive a voltage-operated shutter. In this way, photolytical light pulses (duration > 1 ms) could be delivered during image acquisition. The laser power of which about 50% reached the specimen was attenuated by means of a linear polarization filter placed in the laser path.
UV-laser flash photolysis
The beam of a frequency-tripled Nd:YAG laser (Surelite II, Continuum, Santa Clara, CA, USA; wavelength 355 nm, 120 mJ, 20 ns, up to 10 Hz) was delivered via a liquid light-guide to illuminate the entire field of view in an epiillumination arrangement. Myocytes were preincubated with 10 µM ryanodine and 0.1 µM thapsigargicin (a slightly less potent analog of thapsigargin; Calbiochem, La Jolla, CA, USA) to inhibit Ca 2+ release from the sarcoplasmic reticulum. Cells were voltage-clamped and loaded with the caged compounds (2 mM with 1 mM total Ca 2+ ) and inward currents generated by the Na-Ca exchanger were recorded as described above.
RESULTS
Two-photon photolysis
In droplets of internal solution appreciable photolytical Ca 2+ release was observed at a two-photon power of about 20 mW. The amount of released Ca 2+ exhibited a square dependence on power as expected for two-photon excitation [14] . At powers greater than about 100 mW a saturation phenomenon was observed for both compounds which was not investigated further (see Fig. 3B for DMNPE-4). To minimize systematic errors owing to different location and dispersion of droplets on different coverslips we used a standardized measurement. Equal amounts (3 µl) of internal solution (1 mM cage, 0.5 mM total Ca 2+ ) were randomly distributed into cylindrical troughs (1.8 mm diameter) of a polyacrylate plate sealed onto a coverslip. The laser power was set to 70 mW to have substantial photolysis without saturation. The duration of the light pulse was set to 300 ms to reach a steady state between Ca 2+ liberation and Ca 2+ diffusion out of the illumination focus. The surface plots in an average full width at half maximum (FWHM) of 9 µm as determined from extracted profiles ([Ca 2+ ] vs x-dimension). Thus, we concluded that the liberated Ca 2+ diffused in a spherical cloud around the two-photon focus. Therefore, we always set the two-photon focus 10 µm above the coverslip to avoid an interference of the released Ca 2+ with the coverslip. Ca 2+ signals recorded in this way had concentration amplitudes of 81±12.7 nM (mean±SD, n = 9) for DM-nitrophen and 43±3.8 nM (n = 10) for DMNPE-4 (Fig. 2C) . The efficacy of DMNPE-4 was significantly smaller (unpaired t-test, p < 0.001), but did not compromise its usefulness, in particular when considering its low sensitivity for Mg 2+ (see below). The spatially confined excitation of the compounds by the diffraction-limited two-photon focus (about 1 µm 3 ) allowed a large number of repetitive photolytical pulses to be applied during an experiment without appreciable photo-consumption of the compounds (not shown).
The advantage of DMNPE-4 over DM-nitrophen was obvious when the free Mg 2+ concentration was raised to physiological levels or higher. The relatively high affinity of DM-nitrophen for Mg 2+ (K d = 2.5 µM) lead, presumably, to a photolytical liberation of Mg 2+ which was not detected by fluo-3 (Fig. 4A) . In contrast, owing to its low affinity for mg 2+ (K d ≈ 7 mM) DMNPE-4 delivered similar amounts of Ca 2+ in the presence of 10 mM free Mg 2+ as in the absence (Fig. 4B) . The ability of DMNPE-4 to deliver Ca 2+ in the presence of 0, 1 and 10 mM free Mg 2+ concentration is shown in Figure 3B for different laser powers. For low power the Ca 2+ liberation showed a square dependence on power as suggested by the fit (y = ax n , n = 1.78 -1.84). Above about 100 mW the photolysis displayed an apparent saturation. At all three Mg 2+ concentrations tested DMNPE-4 seemed to perform equally well.
Analogous experiments were performed in ventricular myocytes isolated from guinea-pig hearts. The photolytical Ca 2+ release was, however, somewhat amplified by the intrinsic Ca 2+ release mechanism of the sarcoplasmic reticulum. In addition, the spatial spread of the Ca 2+ signal was smaller (FWHM ≈ 4 µm) and the time course longer (τ D ≈ 30-50 ms) than in solution, probably reflecting the Ca 2+ buffering and diffusion conditions present in a cell. Therefore, a direct comparison with the signals in droplets was not possible. However, the release qualities of both compounds remained essentially the same. The striking difference in Ca 2+ liberation of the two compounds in the presence of high free Mg 2+ was observed in vivo (Fig. 5) .
UV-laser flash photolysis
The Ca 2+ release characteristics of DMNPE-4 were assessed in cardiac myocytes. To avoid any amplification of the Ca 2+ signal by Ca 2+ release from the sarcoplasmic reticulum the cells were treated with thapsigargicin and ryanodine to block the SR calcium pump and the ryanodine receptor-channel, respectively. The current produced by the electrogenic sodium-calcium exchanger (I NaCa ) upon UV-laser flash photolysis was used as linear correlate for the Ca 2+ released by the compounds. As with two-photon photolysis the negative effects of high Mg 2+ on Ca 2+ liberation by DM-nitrophen were obvious (Fig. 6A) . On the other hand, DMNPE-4 showed substantial Ca 2+ release despite the presence of 10 mM Mg 2+ (Fig.  6A ). Owing to illumination of the whole field of view the consumption of the compounds by repetitively triggered UV-laser flashes was considerable allowing only a limited number of flashes. However, the photo-consumption of the two compounds was almost identical as suggested by the monoexponential fit of the normalized currents. The amount of either compound consumed by a single flash was approximately 7% as shown in Figure 6B .
DISCUSSION
Our results demonstrate that DMNPE-4 is a suitable Ca 2+ cage for both two-photon and UV-laser excitation photolysis. In vitro, the time-course of the Ca 2+ signal is comparable to that generated with DM-nitrophen. But the absolute amount of Ca 2+ released by DMNPE-4 under identical Ca 2+ -loading and -illumination conditions is significantly less. The lower efficacy of DMNPE-4 (≈45%) may be explained by the affinities of the photoproducts to Ca 2+ which are higher than those of DM-nitrophen (K d change of DM-nitrophen: 600 000-fold; K d change of DMNPE-4: 21 000-fold). Therefore, the net amount of Ca 2+ liberated from DMNPE-4 is smaller. release from a point-source could be used to investigate properties of the ryanodine receptor when constantly high Ca 2+ levels are present. In this regard, it has been described that the ryanodine receptor shows a behaviour known as adaptation. That is, the release-channel closes after prolonged exposure to an elevated Ca 2+ concentration but can adapt to the new level and reopen upon a next Ca 2+ step [16, 17] . The advantage of DMNPE-4 over DM-nitrophen is significant when performing experiments where the free Mg 2+ concentration is critical. Without added Mg 2+ (and no Mg-ATP) in the pipette solution there will be some Mg 2+ bound to DM-nitrophen as soon as a cell is dialyzed via the patch-pipette. This will reduce the amount of Ca , is released. In addition, the dialysis of a cell with zero Mg 2+ solution most likely alters the conditions in the cytoplasm considerably. In skeletal and cardiac muscle cells there is evidence that the free Mg 2+ concentration is a modulator of ryanodine receptor function [18, 19, 20, 21] . However, DMNPE-4 shows a high selectivity to Ca 2+ which allows to perform two-photon and UV-laser photolysis Ca 2+ -release experiments at a physiological Mg 2+ concentration without compromising the release of Ca
2+
. This advantage may more than compensate for the somewhat smaller overall change in affinity of DMNPE-4 compared to that of DMnitrophen. Therefore, DMNPE-4 may allow the characterization of Mg 2+ effects on subcellular Ca 2+ signalling events (Ca 2+ sparks and Ca 2+ quarks) and may enable the characterization of ryanodine receptor adaptation in situ.
